INTRODUCTION {#sec1-1}
============

In humans, it accounts for 40%--50% of infertile couples presenting for assisted reproductive technologies (ARTs).[@ref1][@ref2][@ref3][@ref4] Male infertility is commonly due to deficiencies in the semen, characterized by decreased spermatogenesis, sperm DNA damage, loss of sperm motility and abnormal sperm morphology.[@ref5][@ref6] Clinically, semen quality is used as a surrogate measure of male fecundity through the analysis of sperm parameters, including the sperm count, morphology, motility, and volume.[@ref7] These factors commonly direct the classification of the disease diagnosis and the selection of conventional *in vitro* fertilization (IVF) or intracytoplasmic sperm injection (ICSI) treatment.

Intracytoplasmic sperm injection is highly technical[@ref8] and its efficiency is affected by many factors.[@ref9] Although concerned risks probably occur,[@ref10][@ref11][@ref12][@ref13] numerous reports show the expected treatment outcomes of ICSI treatment of male borderline and idiopathic subfertility[@ref14][@ref15][@ref16][@ref17][@ref18][@ref19][@ref20][@ref21] and ICSI improves fertilization rates and prevents total failed fertilization compared with conventional insemination.[@ref15] In most severe male infertility cases, including azoospermia, cryptozoospermia and necrospermia, because the effects of empirical drug therapy and surgery are limited, ICSI may be the only option to enable a vast majority of infertile males to become the genetic fathers of their children. ICSI successfully treats nonobstructive azoospermia with testicular sperm extraction (TESE),[@ref22][@ref23][@ref24][@ref25] although the small number of sperm obtained by TESE may produce a lower rate of fertilization[@ref26] and biological pregnancy[@ref27] compared with obstructive azoospermia. ICSI treats cryptozoospermia with testicular and ejaculated spermatozoa with different outcomes between both sperm origins,[@ref28][@ref29] whereas the ICSI treatment of necrospermia is associated with decreased a frequency of embryo formation.[@ref30] However, relatively few reports have clearly assessed the effects of ICSI on different types of severe male factor infertility with extremely small number of quality sperm on sibling oocytes.

This retrospective study analyzed ICSI outcomes of three classes of severe male factor infertility compared with IVF treatment of proven-fertile donor sperm on the sibling oocytes: nonobstructive azoospermia with a few sperm from TESE; cryptozoospermia with a few sperm found in the centrifuged sample of two ejaculates; and necrospermia with more than 90% of dead sperm and a few swinging sperm. These patients had a lower number of sperm suitable for ICSI treatment compared with the retrieved oocytes. Although the subjects preferred an attempt with their own sperm, they agreed to use proven-fertile donor sperm on sibling oocytes to avoid missing the treatment opportunities on the day of oocyte retrieval. This study was designed to treat the patients' sperm by ICSI, and excess sibling oocytes were fertilized with donor sperm by IVF after the couples consented. Without consideration of the influences from female factors, this study supplied a significantly indicative support for the utilization of ICSI technique to treat severe male factor infertility.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Patients and grouping {#sec3-1}

Between January 2003 and May 2012, the center treated infertility including 5428 IVF cycles and 5055 ICSI cycles. Of 5055 ICSI-treated cycles, severe male factor infertility included 1974 azoospermia, and 1746 severe oligozoospermia and asthenozoospermia cases.

Of the severe male factor infertility group, 72 couples (73 cycles) consented to attend this study. On the same day of oocyte retrieval, from two ejaculates or TESE, all males had a lower number of sperm that had satisfactory quality and was suitable for microinjection compared with the number of retrieved metaphase II (MII) oocytes. Those who had a high number of quality sperm and even used donor sperm as their requested samples were not included in this study. The average ages of the husbands and wives were 31.42 and 28.47 years, respectively, with an average infertility history of 4.07 years. All female partners had no infertility factors except for nine with salpingitis, and the males had normal karyotypes except for three with a Y chromosome AZFc microdeletion. The subjects were carefully evaluated and classified into three conditions by at least two semen analyses of sperm source, sperm density, motility and number, depending on the standard parameters of semen.[@ref31] Twenty-eight patients (28 cycles) were diagnosed with nonobstructive azoospermia after carefully excluding obstructive azoospermia and their sperm were retrieved by TESE. Most of the sperms were malformed and immotile. Thirty-four patients (34 cycles) had cryptozoospermia with a dramatically low concentration of sperm in the ejaculated semen that was recorded as \<1 × 10^4^ ml^−1^, but not as 1 × 10^5^ ml^−1^ or 1 × 10^6^ ml^−1^. Twenty-eight patients were found to have no sperm or very few immotile sperms at least once in the 2 times of semen analyses. No more than 10 spermatozoa in each ejaculate were found in 8 cases. As an extremely small number of spermatozoa (dozens of cells) were found in most cases, two ejaculates were required for collecting enough sperm for microinjection into all oocytes. Ten patients (11 cycles) were diagnosed with necrospermia. The sperm morphology and membrane integrity were evaluated. The motile sperm were carefully recognized and counted after centrifugation of all sperm samples. The sperm concentration was more than 5 × 10^6^ ml^−1^ with normal morphology but there were not enough motile sperm found in the semen after two ejaculates for microinjection into all the oocytes. No more than 10 motile sperm per ejaculate were found in 4 cases. For five patients without motile sperm, TESE to retrieve sperm in the semen was performed.

### Tropic hyperovulation program {#sec3-2}

Females received conventional tropic hyperovulation program (THOP) using gonadotropin-releasing hormone/follicle-stimulating hormone/human chorionic gonadotrophin (HCG) program.[@ref14] When the diameter of the dominant follicle was ≥ 18 mm or at least two follicles ≥ 17 mm, 5000 IU profasi HCG (Serono, Aubonne, Switzerland) was injected. Oocytes were retrieved at 34--36 h after the administration of HCG in Quinn\'s HEPES-buffered modified human tubal fluid medium (HEPES-modHTF) (SAGE, Pasadena, CA, USA).

### Sperm preparation {#sec3-3}

On the day of oocyte retrieval, the semen were retrieved from two ejaculates and transferred into a conical bottom tube (BD Bioscience, San Jose, CA, USA) containing 2--3 ml HEPES-modHTF medium. After two repeats of washing in HEPES-modHTF medium and centrifugation at 500 g for 8 min, the most volume of supernatant was carefully discarded with a pipette, and a sperm pellet with 0.2--0.5 ml of medium (depending on the size of the pellet) was incubated at room temperature for later use. Extreme care was taken to avoid sperm loss during the above procedures.

Testicular sperm extraction was performed as previously described.[@ref32] In brief, 20--30 mg of testicular tissue was obtained by a small surgical biopsy under local anesthesia. Testicular seminiferous tubules were finely minced and examined for the presence of sperm under an inverted microscope (NIKON, Tokyo, Japan) and then transferred into a 5 ml tube containing 1--2 ml HEPES-modHTF medium. The subsequent procedures to obtain the sperm pellet were the same as the above-described method for the ejaculate.

Donor sperm was obtained from Shanghai Human Sperm Bank, and usage of the donor sperm observed by the Chinese National Regulations for use of Human Donor Sperm in ART. After thawing, the donor sperm was washed in fertilization medium (SAGE, Pasadena, CA, USA) and prepared by density-gradient centrifugation.

### *In vitro* fertilization and intracytoplasmic sperm injection treatments {#sec3-4}

An ICSI dish set up as one round droplet of 10 μl of 7% (w/v) polyvinylpyrrolidone in HEPES-HTF (SAGE, Pasadena, CA, USA) for ICSI surrounded by 3--4 round droplets of 5 μl HEPES-modHTF medium for oocytes and by 3--4 longer droplets of 20 μl HEPES-modHTF medium for semen. The droplets were overlaid by approximately 2 mm of heavy paraffin oil (SAGE, Pasadena, CA, USA), and the dish was prewarmed on a warm-plate at 37°C for half an hour before ICSI processing. A semen suspension prepared from ejaculated semen was placed at the center of a longer droplet, and motile sperm were selected and removed for ICSI once they swam away from the center. The semen suspension with testicular or immotile sperm was distributed evenly in the droplet, and motile sperm were carefully chosen for ICSI. Husband\'s sperm was preferably used, and the donor sperm was used only when the number of husband\'s sperm was not enough or in response to the couple request. Based on the embryologist\'s evaluation of the sperm quality, the numbers of the donor sperm and husband\'s sperm was determined by the couples, and a formal agreement was signed. ICSI was performed using an ICSI system (NARISHIGE, Tokyo, Japan) with specific ICSI needles (TPC, Thebarton, Australia).

*In vitro* fertilization was performed in fertilization medium. Fertilized eggs were cultured in Quinn\'s embryo culture medium (SAGE, Pasadena, CA, USA) overlaid by approximately 2 mm of heavy paraffin oil. Culture was performed at 37°C with an infrared CO~2~ incubator connected to 5% CO~2~ in the air.

### Evaluation of fertilization and embryo quality {#sec3-5}

Pronuclei were observed 16--20 h after treatment of ICSI or IVF under an inverted microscope. The fertilization rate was calculated as the percentage of the number of the oocytes with presence of two pronuclei (2PN) divided by the number of mature MII stage oocytes. The cleavage and embryo quality was observed at 48 (Day 2) and 72 (Day 3) hours after treatment, respectively. Those containing 6 or more cells with good morphology and \< 20% defragment on Day 3 were considered good-quality embryos. The cleavage rate was the proportion of the embryos having developed to the 2-cell or late stage at Day 2 among all the fertilized eggs. The rate of good-quality embryos was the proportion of good-quality embryos at Day 3 among all embryos that had undergone cleavage.

### Embryo transfer and clinical pregnancy {#sec3-6}

The embryos developed from the husbands' sperm were preferentially transferred. If the embryos derived from husband\'s sperm were of poor quality the embryos derived from the donor\'s sperm might be transferred in accordance of the patients' request, embryologists' announcement of the embryo quality and a formal agreement. Normally, two embryos were transferred in each cycle. Three embryos might be transferred only if the female partners were older than 35 years of age. Only the embryos derived from sperm with identical sources were transferred in each cycle. Urinary HCG levels were measured 2 weeks after transfer to diagnose pregnancy. If the gestational sac and fetal cardiac tube pulsations were observed with ultrasonography 4 weeks after transfer, clinical pregnancy was confirmed.

### Statistical analysis {#sec3-7}

The statistical analysis was performed with SPSS for Window (version 21.0, SPSS Inc., Chicago, IL, USA). The rates of fertilization, cleavage embryo and good-quality embryos were assessed by binary logistic regression analysis. The rates depending on the given landmark were set as the dichotomous dependent variable and the patient groups, treatments and sperm sources as covariates. The patient groups were also set as a categorical covariate to contrast the differences between the groups and their interaction with other covariates.

RESULTS {#sec1-3}
=======

In total, 1281 oocytes were retrieved from 73 cycles of 72 cases with an average of 17.55 per cycle. Sibling oocytes from each cycle were randomized into two groups treated by ICSI with husband\'s sperm and by conventional IVF with donor sperm for control. Overall, 512 out of 1117 MII oocytes were subject to microinjection, and 605 were used as controls. The significant reduction in the rate of the oocytes to form 2PN was demonstrated after they were microinjected with the sperm from the patients of nonobstructive azoospermia (*P* \< 0.001), cryptozoospermia (*P* \< 0.05) and necrospermia (*P* \< 0.01) (**[Table 1](#T1){ref-type="table"}**). As the fertilized eggs further developed *in vitro*, at Day 2--3 the rate of total embryos that had undergone cell division was lower than the control in nonobstructive azoospermia (*P* \< 0.05), but was similar in cryptozoospermia and necrospermia to the control (**[Table 1](#T1){ref-type="table"}**). However, the rates of fertilized eggs and cleaved embryos were not significantly different between three conditions of infertility (*P* \> 0.05). The key landmark of the embryonic development for embryo transfer was the rate of the achieved embryos with good morphology after 72 h culture *in vitro*. The rate of these good-quality embryos was not affected by the sperm sources and was also not different between the three diseases (**[Table 1](#T1){ref-type="table"}**).

###### 

The mean rates of fertilization and developmental viabilities of the embryos derived from husband\'s sperm and donor on sibling oocytes

![](AJA-17-845-g001)

The outcomes after embryo transfer were presented separately (**[Table 2](#T2){ref-type="table"}**). In total, 57 women (57 cycles) were implanted with their fresh husbands' sperm-derived embryos with an average of 1.93 and led to 21 cases of pregnancy. As 2 cases were naturally aborted at early and mid-term stages, 19 women gave live birth to 13 boys and 9 girls. Seven women (7 cycles) accepted embryo transfer with fresh donor sperm-derived embryos at an average of 2.43, and 3 became pregnant. One case was aborted in early pregnancy, and 2 were successfully pregnant and give live birth to 1 boy and 2 girls.

###### 

Clinical outcomes after embryo transfer

![](AJA-17-845-g002)

DISCUSSION {#sec1-4}
==========

In this study, 72 couples (73 cycles) from a total of 5055 ICSI cycles within 10 years at our center were qualified for our study design. These patients were carefully diagnosed and characterized by the following: (1) on the oocyte retrieval day, either the number of motile sperm from two ejaculates or the relatively good-quality sperm from TESE was lower than the number of oocytes and (2) the couples understood the quality of the husbands' sperm and requested and consented to use donor sperm to fertilize excess sibling oocytes by IVF. The retrospective analysis demonstrated a lower rate of successful fertilization and a satisfactory rate of good-quality embryos in all patients with ICSI treatment, and a lower rate of the embryo cleavage in nonobstructive azoospermia. The derived embryos were able to further develop *in vitro* to be qualified for embryo transfer. The finding revealed that a relatively poor fertilization ability of individual sperm appeared in severe male infertility during ICSI treatment, but the transfer with good-quality embryos might also give rise to relatively satisfactory rates of pregnancy and live births (**[Table 2](#T2){ref-type="table"}**). Until date, this study is the first report of utilizing donor sperm on sibling oocytes as a control to evaluate and differentiate the reproductive abilities of the sperm quality in nonobstructive azoospermia, cryptozoospermia and necrospermia. We believe these results provide a relatively strong guideline for treating severe male factor infertility.

This study demonstrated that if careful examination of centrifuged semen from two ejaculates under microscope, some cryptozoospermia could be found from the primarily diagnosed nonobstructive azoospermia, and several or dozens of motile sperm and sperm with good morphology could be found for ICSI. Similarly, such sperm were also identified and isolated in most cases of necrospermia, although necrospermia is considered as one of the worst conditions due to the presence of the large number of dead sperm in the semen.[@ref16][@ref33] This is clinically significant because TESE procedures and testicular sperm-related fertilization failure may be avoided.

It\'s notable that the strict study design strongly limited the number of the cycles of individual disease; such a small number was not used to be as a variable factor for statistical analysis in this study. However, 57 cycles preferred to husband sperm-derived embryos for transfer and gave rise to relatively satisfactory rates of pregnancy and live births. The convinced rate of good-quality embryos in this study may also be predictive for clinical outcomes[@ref34] and therefore our data indicate that the couples suffering from these diseases have an opportunity to become biological parents with their own embryos.

Numerous reports have exhibited the promising clinical outcomes in the ICSI treatment of severe infertility,[@ref19][@ref35][@ref36][@ref37][@ref38] whereas there has been a concern if ICSI increases a rate of the birth defects in ICSI conceived children, particularly compared to IVF. It\'s notable a systematic and two large-scale studies do not exhibit a significant difference in birth defects between ICSI and IVF.[@ref39][@ref40][@ref41] In this study, the important purpose is to obtain the pregnancy through searching the qualified sperm for ICSI from the patients who primarily diagnosed as nonobstructive azoospermia and necrospermia. As there is extremely low number of husband sperm with good-quality selected for ICSI, we have paid a close attention to the evaluation of sperm quality and embryonic developmental viability during the clinic, and a long-term follow-up study of the birth defects of infants has initiated. We believe that with development of new technologies, such as next generation sequencing, the genetic and epigenetic bio-information in individual sperm and ICSI-derived embryo can be unveiled so that we can determine the individual sperm quality and select a good-quality sperm for ICSI, and the birth defects originated from the impaired sperm may be prevented. In addition, through blastocyst transfer, disqualified embryos may be eliminated for embryo transfer and the efficiency of pregnancy improved.
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